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We demonstrate that the half-doped bilayer manganite La1Sr2Mn2O7 exhibits CE-type charge-
ordered and spin-ordered states below TAN,CO=210 K and below T
CE
N ∼ 145 K, respectively. However,
the volume fraction of the CE-type ordering is relatively small, and the system is dominated by the
A-type spin ordering. The coexistence of the two types of ordering is essential to understand its
transport properties, and we argue that it can be viewed as an effective phase separation between
the metallic d(x2 − y2) orbital ordering and the charge-localized d(3x2 − r2)/d(3y2 − r2) orbital
ordering.
75.25.+z, 71.27.+a, 71.30.+h
It is well known that a Mn-based Ruddlesden-Popper
compound (La,Sr)n+1MnnO3n+1 has a unique layered-
type structure in which every n−MnO2 layers are sep-
arated by an additional (La1−xSrx)2O2 blocking bilayer
along the c axis.1 One of the attractive features of this
family of compounds is that, by changing the number of
MnO2 layers (n), effective dimensionality can be artifi-
cially controlled. The change of effective dimensionality
have the strong influence on the magnetism as well as
transport properties.1 For instance, the 3d n = ∞ sys-
tem La1−xSrxMnO3 is a ferromagnetic metal for 0.17 <
x <∼ 0.6 due to the double-exchange mechanism,
2 whereas
the 2d n = 1 compound La1+xSr1−xMnO4 is a good in-
sulator for 0 ≤ x <∼ 0.7 and exhibits spin glass behav-
ior for a wide range of the hole concentration.3 For the
n = 2 bilayer La2−2xSr1+2xMn2O7 system, we have very
recently reported that a canted A-type antiferromagnetic
(AFM) structure is stabilized for the hole concentration
of 0.40 <∼ x < 0.48 (Ref. 4).
One of the important aspects of perovskite mangan-
ites is the charge ordering which is frequently observed
at a commensurate hole concentration.5 In the vicin-
ity of x = 1/2, a number of the 3d n = ∞ man-
ganite systems including Pr1/2Ca1/2MnO3 (Ref. 6, 7)
shows the so-called CE-type charge and spin ordering,
in which Mn3+ and Mn4+ ions are aligned alternately.8
Neutron and X-ray diffraction experiments revealed that
this unique CE-type charge/spin ordering is also realized
in the n = 1 La1/2Sr3/2MnO4 system.
9,10 Very recently,
an electron diffraction measurement suggested that the
CE-type charge ordering is also formed in the n = 2
La1Sr2Mn2O7 system.
11
To see the influence of the CE-type charge ordering,
the typical examples of the resistivity of several mangan-
ites with x = 0.50 are depicted in Fig. 1. The resistiv-
ity of the 3d n = ∞ system Pr1/2Ca1/2MnO3 (Ref. 12)
and that of the 2d n = 1 system La1/2Sr3/2MnO4 are
insulating over the whole temperature range, and they
exhibit a sharp increase below TCO. By contrast, the
resistivity of Pr1/2Sr1/2MnO3 is considerably small.
14,15
This is because a relatively wide one-electron bandwidth
W in Pr1/2Sr1/2MnO3 suppresses the CE-type charge or-
dering, and leads to the A-type AFM spin ordering with
very small resistivity (ρ ∼ 7×10−3Ωcm) below TN ∼ 138
K. Interestingly, the ab-plane resistivity in La1Sr2Mn2O7
below TCO shows a rather flat temperature dependence
similar to that of Pr1/2Sr1/2MnO3, although it is two or-
der of magnitude larger (ρ ∼ 5× 10−1Ωcm) than that of
Pr1/2Sr1/2MnO3.
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FIG. 1. Resistivity of 50 % hole-doped 2d and 3d mangan-
ite samples: Pr1/2Ca1/2MnO3 from Ref. 12, Nd1/2Sr1/2MnO3
from Ref. 13, Pr1/2Sr1/2MnO3 from Ref. 14, the ab-plane re-
sistivities in La1Sr2Mn2O7 and in La1/2Sr3/2MnO4 by the
present work.
It would be of great interest to elucidate what sort of
mechanism could possibly cause such a drastic difference
of the resistivity among 50 % hole-doped manganite sam-
ples, and why only a difference of one MnO2 layer leads
to totally different behavior in the resistivity between
two good 2d systems n = 1 La1/2Sr3/2MnO4 and n = 2
La1Sr2Mn2O7. In order to obtain some insights on these
issues, we have performed neutron diffraction studies on
the high quality large single crystal sample of the 50 %
1
hole-doped bilayer system La1Sr2Mn2O7.
For the present neutron diffraction study, we have pre-
pared high quality single crystal samples by floating zone
method as reported elsewhere.4 The sample quality was
checked by powder x-ray diffraction measurements to
confirm that all the crystals were in a single phase. The
resistivity was measured for several crystals including the
pieces taken from the same single crystal used in the
present neutron diffraction studies, and the results are
in excellent accord with the preceding work.11,16
Neutron diffraction measurements were carried out on
triple-axis spectrometers GPTAS, TOPAN, and HQR in
the JRR-3M research reactor at the Japan Atomic En-
ergy Research Institute. The spectrometers were oper-
ated in their double axis mode, and the (002) reflection
of pyrolytic graphite (PG) was used to monochromate
the neutron beam. At GPTAS, the measurements were
carried out on both the (h, h, l) and (h, 0, l) reciprocal
zones with an incident momentum of ki = 2.667A˚
−1, to-
gether with PG filters to eliminate higher order contam-
inations, and with a typical combination of collimators
of 20′ − 80′ − 40′. The lattice constants of the sample
at room temperature are a = 3.875A˚, and c = 19.971A˚,
respectively.
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FIG. 2. Temperature dependence of selected positions for
La1Sr2Mn2O7: (a) A-type AFM Bragg, (b) CE-type charge
order, (c) magnetic diffuse scattering, (d) CE-type AFM
Bragg.
We first describe the ordering process observed in
La1Sr2Mn2O7. Figure 2 shows the temperature depen-
dences of Bragg and diffuse peaks in La1Sr2Mn2O7. The
most striking result of the bilayer system La1Sr2Mn2O7 is
the coexistence of the A-type AFM spin ordering and the
CE-type charge ordering. The intensity at Q = (0, 0, 3)
corresponds to the squared moment of the A-type AFM
spin ordering, while the intensity at Q = (3
2
, 3
2
, 1) gives
a measure of the order parameter of the CE-type charge
ordering. At TAN,CO = 210 K, the A-type AFM spin or-
dering and the CE-type charge ordering are formed si-
multaneously, as seen in Fig. 2(a) and (b). With de-
creasing temperature, the intensity of Q = (0, 0, 3) in-
creases monotonically, while that of Q = (3
2
, 3
2
, 1) reaches
a maximum at TCEN ∼ 145 K, and turns to decrease, and
almost vanishes at TL ∼ 75 K. By contrast, the inten-
sity of the CE-type spin ordering emerges at TCEN ∼ 145
K, and exhibits a peak at ∼ 115 K, and drastically de-
creases below TL as shown in Fig. 2(d). For all known
manganites such as Pr1−xCaxMnO3, La1/2Sr3/2MnO4,
and Nd1/2Sr1/2MnO3, the CE-type charge/spin ordering
is stable at low temperatures.7,9,13 By contrast, the CE-
type charge/spin-ordered state in La1Sr2Mn2O7 is unsta-
ble at low temperatures, and transforms to the metallic
A-type AFM state. It should be noted, however, that the
substantial intensity for the CE-type charge/spin order-
ing is still discernible below TL ∼ 75 K in Fig. 2(b) and
(d).
As was seen in the resistivity shown in Fig. 1, salient
hysteresis was also observed in the temperature depen-
dences of the A-type and CE-type charge/spin orderings
in Fig. 2 for a wide temperature region of TL <∼ T
<
∼
TAN,CO. Clearly, the hysteresis should be attributed to
the onset and the suppression of the CE-type charge/spin
ordering. The temperature dependence of the magnetic
diffuse scattering in Fig. 2(c) observed at Q= (0, 0, 4.4)
demonstrates that the strong FM spin correlations have
already been well developed within the MnO2 layers from
room temperature down to TAN,CO.
The observed structure for the CE-type charge and
spin ordering in the bilayer system La1Sr2Mn2O7 is es-
sentially the same with the known CE-type ordering ex-
cept for the stacking along the c axis. The CE-type
spin pattern in the ab plane is depicted in Fig. 3(a),
and the observed Bragg spots on the (h, h, l) reciprocal
plane is illustrated in Fig. 3(d). The superlattice re-
flections due to the lattice distortion accompanied with
the CE-type charge ordering are observed at (h, h, l) =
(2n+1
2
, 2n+1
2
,m), while those for the CE-type AFM spin
ordering are observed at (h, h, l) = (2n+1
4
, 2n+1
4
, l) with
n,m = integer, and l = integer or half integer.
In the (h, h, l) zone, however, all the magnetic reflec-
tions are originated from the Mn3+ ions. Since the re-
flections which are originated from the Mn4+ sites in the
CE-type spin ordering can be observed on the (h, 0, l)
zone, we have performed a survey of the (h, 0, l) zone as
well, and confirmed that the reflections by Mn4+ sites are
observed at the (1
2
, 0, l) positions with l = integer, and
half integer.
Figure 4 shows the typical profiles for the CE-type
charge and spin ordering observed along the l direction in
the (h, h, l) zone. The measurements were carried out at
150 K and at 115 K, respectively, where the each scatter-
ing intensity exhibited the maxima, and the data mea-
sured at room temperature were subtracted as a back
ground.17 We confirmed that the peaks for the charge
ordering on the (3
2
, 3
2
, l) line were stronger than those
on the (1
2
, 1
2
, l) line, whereas the peaks for the CE-type
AFM spin ordering on the (3
4
, 3
4
, l) line were weaker than
those on the (1
4
, 1
4
, l) line, being consistent with the mag-
netic form factor. We therefore identify that the former
scattering is originated from the charge ordering, but the
latter from the magnetic scattering.
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FIG. 3. (a): CE-type spin arrangement in the ab plane.
The dashed square indicates the offset pattern at the z = 1/2
layer by a displacement vector d = ( 1
4
, 0, 0)M . (b), (c): two
stacking patterns along the c axis. ‘F’ and ‘AF’ denote the
ferromagnetic or antiferromagnetic coupling between adjacent
bilayers, respectively. (See the text in details) (d): (h, h, l)
reciprocal plane for La1Sr2Mn2O7.
Reflecting a bilayer structure of the n = 2
La1+2xSr2−2xMn2O7 system, the Bragg intensities for
both charge and spin ordering are modulated along the l
direction as,
I(
2n+ 1
2
,
2n+ 1
2
, l) ∝ 1 + cos 2pilz′ for charge, (1)
I(
2n+ 1
4
,
2n+ 1
4
, l) ∝ 1− cos 2pilz′ for spin, (2)
where z′ is the Mn-Mn distance between MnO2 layers
within bilayers. Note that, due to the AFM coupling of
two MnO2 layers within bilayers, the sign of the cosine
term for the magnetic Bragg reflections becomes minus
in eq. (2).
Although the peaks of the charge ordering are observed
only at l = integer, those of the spin ordering are ob-
served both at l = integer and half integer. This differ-
ence is caused by the fact that there exist two kinds of
coupling of bilayers along the c axis as depicted in Fig.
3(b) and (c). From a straight forward analysis, we found
that the peaks given by l = integer correspond to the
ferromagnetic stacking of bilayers along the c axis (Type-
I stacking) as indicated by ‘F-F’ in Fig. 3(b). On the
other hand, the peaks observed at l = half integer cor-
respond to a stacking sequence of ‘F-AF-F-AF’ (Type-II
stacking). In addition, the profile shown in Fig. 4(b)
has a broad component beneath the Bragg reflections,
which corresponds to the magnetic diffuse scattering and
is again modulated as I(l) ∝ 1 − cos 2pilz′. This indi-
cates that, in addition to the regular Type-I and Type-II
stackings, there are some bilayers which are randomly
stacked along the c axis, reflecting a good 2d character
of La1Sr2Mn2O7.
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FIG. 4. (a) Profile of structural scattering observed along
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2
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, l), and (b) profile of CE-type spin order observed
along q = ( 1
4
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, l). For details, see the text.
The analysis further revealed a shift of the CE-type
spin patterns relative to the next bilayers. By going to
the adjacent bilayers, the CE-type spin arrangement has
to shift by either d = (± 1
4
, 0, 0)M , (0,±
1
4
, 0)M or their
linear combination, reflecting the body-centered tetrago-
nal structure of the crystal. The case of d = (1
4
, 0, 0)M
in the units of the magnetic unit cell is illustrated by
a dashed line in Fig. 3(a), and our analysis yielded
that the observed magnetic structure is consistent with
d = (± 1
4
, 0, 0)M for both the Type-I and Type-II stack-
ings.
Among the half-doped manganites with the CE-type
charge/spin ordering, La1Sr2Mn2O7 is very unusual.
The preceding resistivity measurements and the electron
diffraction study lead the speculation that La1Sr2Mn2O7
has an intermediate-temperature charge-ordered phase.11
We found that it is correct, but the CE-type charge or-
dering coexists with the A-type AFM ordering. One can
see from Fig. 2 that the scattering from the CE-type or-
dering is weak, and that the scattering is dominated by
the A-type AFM ordering even in the intermediate tem-
perature phase for TL <∼ T
<
∼ T
A
N,CO. This observation
is corroborated by the analysis of the observed magnetic
moments. We obtained the magnetic moments for the
CE-type spin ordering at 115 K µCE = 0.70(5)µB/Mn
for the Type-I stacking and µCE = 0.56(6)µB/Mn for
the Type-II stacking, respectively, whereas the A-type
3
moment was µA = 2.3(1)µB/Mn at 115 K. Clearly the
apparently small moment for the CE-type spin ordering
is an artifact and is a strong indication of a small volume
of the CE-type region. By assuming that the magnetic
moments in the CE-type and A-type spin ordering are
approximately equal, we estimated that the volume frac-
tion of the CE-type spin ordering is ≈ 18% at 115 K.
Examining the resistivity of the half-doped mangan-
ites in Fig. 1, one can notice that the resistivity has a
clear correlation with the relative stability of the CE-type
charge-ordered state against the metallic A-type AFM
state. Pr1−xCaxMnO3 and La1/2Sr3/2MnO4 show no A-
type AFM state, and they exhibit very large resistivity at
low temperatures. Unlike these CE-type charge-ordered
systems, Nd1/2Sr1/2MnO3 shows rather small resistiv-
ity of ∼ 102Ωcm, and it was recently discovered that
this system exhibits a parasitic A-type AFM state in
the CE-type charge-ordered phase.18 The resistivity of
La1Sr2Mn2O7 is an order of ∼ 10
0Ωcm,16 and we have
demonstrated in the present work that La1Sr2Mn2O7
is dominated by the A-type ordering both in the in-
termediate temperature phase for TL <∼ T
<
∼ T
A
N,CO
and at low temperatures with the remnant CE-type
charge-ordered region. Finally the metallic A-type AFM
Pr1/2Sr1/2MnO3 has the resistivity of ∼ 10
−2Ωcm.
This trend of the resistivity should be attributed to a
metallic character of the A-type AFM spin ordering.15
Since spins are aligned ferromagnetically within MnO2
planes in the A-type ordering, the double-exchange in-
teraction is actuated, and yields the metallic in-plane
conductivity. Recently, the metallic conductivity of the
A-type AFM state is reported in several heavily-doped
manganite systems.15,19 Figure 1 indicates that, as the
fraction of the A-type state increases, the low tempera-
ture resistivity decreases.
It is intriguing to examine whether these results can
be understood on analogy of phase separation, which is
recently proposed for the less-doped manganite case.20
The fluctuation of charge density is essential in the
phase separation model, and it is naturally built-in in a
less-doped manganite system because the charge-density
fluctuation may drive the system to split into a low
hole-density insulating AFM region or into a high hole-
density metallic FM region.20 For the 50 % hole-doped
systems, such charge fluctuation is unlikely. On the
other hand, the present results indicate that there can
be two stable phases near 50 % hole-doping due to the
orbital and charge ordering. In the A-type AFM state
of La1Sr2Mn2O7, the eg electrons supposedly occupy
the d(x2 − y2) orbital,4 whereas in the CE-type charge-
ordered state, the eg electrons occupy d(3x
2 − r2) and
d(3y2 − r2) orbitals alternately.10 The d(x2 − y2) or-
bital is isotropic and charges are delocalized, while the
d(3x2 − r2) and d(3y2 − r2) orbitals are accompanied
with large Jahn-Teller distortions of MnO6 octahedra,
and clearly the charges are localized in the CE-type
charge/spin ordering. Combining the existing results on
the half-doped manganites with our present observations,
we suggest that, in general, the CE-type charge/spin or-
dering coexists with the A-type spin ordering at any de-
sired ratio in nearly 50 % hole-doped systems, and such a
coexistence between two orbital-ordered states could be
viewed as an effective phase separation. We note that
somewhat different case of microscopic phase separation
is observed in La1−xCaxMnO3.
21
In conclusion, we have demonstrated that the bilayer
manganite La1Sr2Mn2O7 exhibits a CE-type charge/spin
ordered state at intermediate temperature, but this state
coexists with the dominant A-type antiferromagnetic
state. With decreasing temperature, the CE-type state
is suppressed through a first order transition. Strong
hysteresis was observed for TL <∼ T
<
∼ T
A
N,CO. Reflect-
ing the dominant A-type orbital and spin ordering, how-
ever, the resistivity of La1Sr2Mn2O7 is extremely low,
and the anomaly in the resistivity around the CE-type
charge ordering is weak. These results indicate the im-
portance of the competition between the metallic A-type
d(x2 − y2) orbital ordering and the insulating CE-type
d(3x2 − r2)/d(3y2 − r2) orbital ordering near half-doped
manganites.
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